Abstract Using a sol-gel technique, organic-inorganic hybrid membranes were prepared by incorporating silica precursors into alginate matrix. Alginate was used as a starting organic polymer, whereas 3-aminopropyl triethoxysilane was used as a counter cation and precursor for the development of inorganic phase. The content of silica gel was controlled by the further addition of tetraethoxysilane (TEOS). The resulting membranes were characterized by Fourier transform infrared spectroscopy, scanning electron microscopy and thermogravimetric analysis. After measuring the swelling data at different mass% of water, membranes were subjected for the pervaporation separation of water-isopropanol mixtures in a temperature range of 30-60°C. The experimental results demonstrated that membrane containing 30 mass% of TEOS showed the highest separation factor of 17,253 with flux of 4.42 9 10 -2 kg/m 2 h at 30°C for 5 mass% of water. Except in pure alginate membrane, the values of total flux and flux of water are found to be almost overlapping, suggesting that the developed hybrid membranes could be effectively used to break the azeotropic point of water-isopropanol mixtures. From the temperaturedependent diffusion and permeation values, the Arrhenius activation parameters were estimated. The estimated E p and E D values were ranged between 27.84 and 32.63, and 26.98 and 31.28 kJ/mol, respectively. The positive heat of sorption (DH s ) values was observed in all the membranes, indicating that Henry's mode of sorption is predominant.
Introduction
Organic-inorganic hybrids [1] , especially silica based, are an emerging class of innovative nano-structured materials with tailored properties-seldom seen in other types of materials and unparalleled performances suitable for wide range of practical applications [1] [2] [3] . The main route for the formation of such advanced materials is the sol-gel technique [4] . This versatile synthetic technique involves the hydrolysis and condensation of precursor molecules (typically alkoxides) under mild conditions, and allows the chemical design of pure and well-controlled multifunctional hybrid materials in which organic, inorganic and even biological components are mixed at the nanosize level. The products can be produced in a variety of physical forms including coatings, monoliths, hybrids, fibres, films and nanoparticles depending on several parameters (e.g., water and alcohol contents, type of catalyst, solution pH, and rate of drying, nature of precursors). In the class of hybrid materials two subclasses can be distinguished on the basis of connection that is being established between organic and inorganic components: if the inorganic molecules are embedded within the organic matrix through weak interactions such as hydrogen bonding, van der Waals contacts, p-p interaction or electrostatic forces, and such materials are included in class-I hybrids; if both components are linked through strong bonds such as covalent, ionic-covalent or Lewis acid-base bonds, and such materials belong to class-II category. These multifunctional materials have numerous applications in various fields including chemical and biological sensors, optical devices, catalysis, functional smart coating, fuel and solar cells, and as membranes in separation sciences especially in pervaporation [5] [6] [7] [8] [9] . Recently, several such hybrid materials have been synthesized and tested as pervaporation (PV) membranes. This is mainly because, silica hybrid materials have synergistic effects of stability of inorganic material and film forming ability of a polymer. Therefore, they offer consistent and unique opportunities to obtain the specific transport properties by combining organic and inorganic materials, such that membranes with high separation factor and good flux can be achieved [10, 11] . In view of this, several researchers have prepared polyimide/silica hybrid membranes with improved permselectivity in gas separation [12, 13] , poly(vinyl alcohol) (PVA)-silica [14] [15] [16] and chitosan-silica [17] [18] [19] hybrid membranes were also prepared and employed for the separation of aqueous-organic mixtures and obtained higher permselectivity towards water and lower degree of swelling than their corresponding incipient polymer membranes.
On the other hand, literature survey further reveals that hydrophilic polymers especially polysaccharides such as chitosan, alginate and hydroxyl ethyl cellulose are the best options for the dehydration of alcohols [20] [21] [22] [23] . Among these, alginate membranes [23, 24] have demonstrated an outstanding PV separation performance for the dehydration of organics. Only the drawback is, it lacks of dimensional stability at higher concentration of water due to its excessive solubility nature and hydrophilicity. It was further reported that alginate membranes underwent a serious decline with the operating time during PV separation of ethanol-water mixtures [25] . All these hinder the commercial utilization of alginate in the separation of aqueous-organic mixtures. To circumvent these difficulties, several methods have been used such as crosslinking [26, 27] , grafting [28] , blending [29, 30] and formation of PEC complexes [31] , and have been succeeded to a certain extent. In recent literature, alginate-silica hybrid composites represent a novel class of materials that find promising applications in biomedical, biocatalysis, bioseparation and biosensing areas [32] [33] [34] [35] . Although, the polymers like PVA, chitosan and polyimides [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have been greatly explored with silica as pervaporation membranes, but to the best of our knowledge, nobody has attempted to develop alginate-silica hybrid membranes as PV membranes.
Therefore, in this study we have made an attempt to develop hybrid membranes by incorporating silica precursors into alginate matrix. While keeping the amount of 3-aminopropyl triethoxysilane (APTEOS) constant, we have varied the amount of TEOS so as to improve the membranes performance. In view of the isotropic nature of ionic interactions, the resulting membranes demonstrated excellent mechanical properties and homogeneity. Aminopropyl triethoxysilane introduced cation groups in alginate matrix, whereas tetraethoxysilane matrix increased the connectivity between APTEOS molecules, and ceramic yield. The physico-chemical changes in the resulting membranes have been investigated and these were successfully employed for PV separation of water-isopropanol mixtures at different feed compositions. The values of permeation flux and separation selectivity were determined. The diffusion coefficient and Arrhenius activation parameters were also estimated. The results were discussed in terms of PV separation efficiency of the membranes.
Experimental Materials
Sodium alginate (SA) (medium viscosity grade) and isopropanol were purchased from s. d. Fine Chemicals Ltd., Mumbai, India. 3-Aminopropyl triethoxysilane and tetraethylorthosilicate were procured from Sigma-Aldrich Chemicals, USA. All the chemicals were of reagent grade and used without further purification. Double distilled water was used throughout the study.
Membrane preparation
Sodium alginate (4 g) was dissolved in 96 ml of deaerated distilled water with a constant stirring for about 24 h at room temperature. The resulting solution was spread onto a glass plate with the aid of a casting knife in a dust-free atmosphere. After being dried at ambient temperature for about 48 h, the membrane was peeledoff and subsequently treated with 50 % of alcoholic 1 N HCl solution for 24 h. It was then washed with water and dried at room temperature. The membrane thus obtained was designated as M-1.
To prepare hybrid membrane, 1 ml of APTEOS was added into a solution of sodium alginate and stirred for 2 h. To this, a known amount of TEOS was added and stirred for another 24 h. The resulting solution was poured onto a glass plate and the rest of the procedure was followed similar to M-1. The amount of TEOS with respect to sodium alginate was varied as 10, 20, 30 and 50 mass%, and the membranes thus obtained were designated as M-2, M-3, M-4 and M-5, respectively. The thickness of these membranes was measured at different points using Peacock dial thickness gauge (Model G, Ozaki MFG Co. Ltd., Japan) with an accuracy of ±2 lm. The thickness of the membranes was found to be 50 ± 2 lm.
Swelling measurements
The equilibrium sorption experiments were performed in different compositions of water-isopropanol mixtures using an electronically controlled oven (WTB Binder, Germany). The masses of the dry membranes were first determined and these were equilibrated by soaking in different compositions of the mixtures in a sealed vessel at 30°C for 24 h. The swollen membranes were weighed immediately after careful blotting on digital micro-balance (Model B204-S, Mettler-Toledo International, Zurich, Switzerland) having a sensitivity of ±0.01 mg. The percentage degree of swelling (DS) was calculated as:
where W s and W d are the masses of the swollen and dry membranes, respectively.
Pervaporation experiments
Pervaporation experiments were carried out using an indigenously designed apparatus as reported in our previous articles [36, 37] . The effective area of the membrane in contact with the feed stream was 34.23 cm 2 and the capacity of the PV cell was about 250 cm 3 . The vacuum in the downstream side of the apparatus was maintained [1.333224 9 10 3 Pa (10 Torr)] by a two-stage vacuum pump (Toshniwal, Chennai, India). The test membranes were allowed to equilibrate for about 1 h in contact with the feed mixtures before performing the experiment. The experiments were carried out at 30, 40, 50 and 60°C by varying the feed composition. After a steady state was attained, the permeate was collected in a trap immersed in liquid nitrogen jar on the downstream side at a fixed time of intervals. The flux was calculated by weighing the permeate on a digital micro-balance. The percent composition of the permeate was estimated by measuring the refractive index within an accuracy of ±0.0001 units, using a refractometer and by comparing it with a standard plot that was established with the known compositions of water-IPA mixture.
Membrane performance was studied by calculating the total flux (J), separation factor (a) and pervaporation separation index (PSI). These were calculated, respectively, using the following simplified equations:
where, W is the mass of permeate (kg); A is the effective membrane area (m 2 ); t is the permeation time (h); P and F are the mass percent of permeate and feed, respectively; subscripts w and o denote water and organics, respectively.
Scanning electron microscopy
The surface morphology of the membranes was studied at 15 kV using a JEOL Scanning Electron Microscope (JSM-840A, Japan). Before scanning, all specimens were coated with a conductive layer (400 Å ) of sputtered gold.
Fourier transform infrared spectroscopy
The ionic interaction between alginic acid and APTEOS, including the hydrolysis and co-condensation of silica precursors was confirmed by FTIR spectrometer (Nicolet, Impact-410, USA). Membrane samples were ground well to make KBr pellets under hydraulic pressure of 400 kg/cm 2 and spectra were recorded in the range of 400-4000 cm -1 . In each scan, the amount of membrane sample and KBr were kept constant to know the changes in the intensities of the characteristic peaks with respect to the amount of APTEOS.
Thermogravimetric analysis
Thermal properties of the plane alginic acid and its hybrid membranes were investigated using Perkin-Elmer Diamond Thermogravimetric Analyzer (TGA) at a heating rate of 10°C/min under nitrogen atmosphere. The weight of the samples taken for each record was 5-9 mg.
Results and discussion

Membrane preparation
The probable reaction mechanism of alginate-silica matrix is illustrated in Fig. 1 . Initially, the added APTEOS electrostatically interacts with carboxylic groups of alginate, and subsequently undergoes hydrolysis followed by condensation under the catalytic activity of carboxylic groups of alginate. Because of partial condensation, a large number of silanol groups retained in the silica matrix. The added TEOS, therefore, undergoes hydrolysis followed by condensation with silanol groups of APTEOS and/or with -OH groups of alginate to form hybrid membrane matrix. The probable mechanism of sol-gel reaction is shown in Fig. 2 . Both APTEOS and TEOS could form pentavalent compound with alginate, which favours the hydrolysis of both APTEOS and TEOS. The resulting silanol groups undergo partial condensation yielding silica particles. The unreacted silanol groups establish the electrostatic interaction and hydrogen bonding with the carboxylic groups of alginate. Membrane characterization FTIR studies Figure 3 shows the FTIR spectra of alginic acid and its hybrid membranes. A characteristic strong and broad band appeared at around 3400 cm -1 in membrane M-1, corresponds to O-H stretching vibrations of the hydroxyl group of alginic acid. The strong bands appeared at around 1740 and 1620 cm -1 are, respectively, assigned to antisymmetric and symmetric stretching vibrations of -COO -groups of alginic acid. In addition, multiple bands appeared between 900 and 1100 cm -1 are assigned to C-O stretching vibrations. These are in good agreement with the data reported by Huang et al. and Kittur et al. [38, 39] . When the ionic groups interact electrostatically, a noticeable shift in the stretching vibration generally occurs towards lower frequency. But in the present study, the shifts of both symmetric and antisymmetric stretching vibrations of the carboxylic groups are insignificant, although there is a strong electrostatic interaction between amino and carboxylic groups. This is because of insignificant number of amino groups by the addition of a small amount of APTEOS compared to the amount of alginic acid, which has a large number of carboxylic groups. The hydroxyl groups of alginic acid were shifted to lower frequency by the addition of APTEOS. However, the shift becomes prominent with increasing the amount of TEOS. This is attributed to an establishment of hydrogen bonding between silanol groups and the groups of alginic acid. The intensity of multiple bands corresponds to C-O stretchings was remarkably increased from membrane M-1 to M-5. This is expected due to the formation of Si-O-Si bonds by the addition of silica precursors, which normally resonate at the same frequency of C-O. All these evidences 
Morphology
The surface morphology of the membranes was studied using scanning electron microscope, and the resulting photographs are shown in Fig. 4 . When we view the photographs carefully, it is observed that surface of the membranes was smooth up to 30 mass% of TEOS. However, when the content of TEOS was increased to 50 mass%, the membrane surface becomes rough with visible silica particles. This clearly suggests that up to 30 mass% of TEOS, there was a good compatibility between inorganic silica phase and the organic alginate phase. This compatibility no longer remained when TEOS content was reached to 50 mass%.
Thermal studies
To study the effect of silica precursors on the thermal stability of alginate membrane, we have recorded the thermograms under nitrogen atmosphere and patterns thus obtained are presented in Fig. 5 . It is observed that alginate membrane M-1 underwent decomposition in two stages. The first stage of decomposition occurred between around 40 and 150°C is account to around 20 % weight loss, corresponding to dehydration of membrane. The second stage of decomposition started from around 160 to 500°C, which was attributed to major weight loss due to decomposition of polymeric network. When we compared the TGA curves of all the membranes, it is clear that the weight loss of hybrid membranes, which corresponds to first stage, was decreased from 75 to 82 (10 %). This suggests that water retention capacity was significantly affected by the incorporation silica precursor. Second, all the hybrid membranes showed lower weight loss at all investigated temperatures, suggesting that hybrid membranes exhibited better thermal stability than that of alginate membrane. This further confirms that incorporation of inorganic precursors was highly influenced on the thermal stability of the organic matrix.
Swelling studies
Effects of feed composition and silica precursors on membrane swelling In PV, sorption properties of a membrane play a key role in separation performance of the membrane, which are generally evaluated by studying the swelling membranes. Figure 6 shows the swelling behaviour of all the membranes in different mass% of water-IPA mixtures. It is observed that the degree of swelling was remarkably increased for all the membranes with increasing the mass% of water in the feed. This is due to increased interaction between water molecules and the membrane. This is expected since water being more polar than IPA, which preferentially interacts with membrane, resulting to increased degree of swelling. On the other hand, the degree of swelling was decreased from membrane M-1 to M-4 and then increased for membrane M-5 throughout the investigated feed compositions. This is because, the added APTEOS establishes the ionic crosslinks with carboxylic groups of alginic acid, leading to more compact structure and making the carboxylic groups unavailable for solvent interaction. In addition to this, the further addition of TEOS increases the number of connectivity within APTEOS molecules and ceramic yield in the membrane matrix, which are responsible for increased rigidity and decreased free volume in the membrane matrix. The further increase of swelling particularly in case of membrane M-5 is attributed to microphase separation between the organic and inorganic components of the membrane. This is very well supported by the SEM photograph of membrane M-5. The resulting micro-phase separation creates accommodation for solvent molecules leading to increased swelling as compared to membrane M-4.
Pervaporation performance
Effects of feed composition and silica precursors on pervaporation Effects of feed composition and silica precursors on the total permeation flux for all the membranes are shown in Fig. 7 . It is observed that total permeation flux was increased for all the membranes with increasing the amount of water in the feed. This is mainly because of increased membrane swelling. It is expected due to large number of hydrophilic groups such as COO -, NH 2 and OH present in the membranes, which offer stronger interaction with water molecules, and membranes preferentially absorb water molecules causing greater swelling. As a result, the membrane becomes more flexible, and therefore the energy required for diffusive transport through the membrane decreases and thereby increasing the diffusivity of the permeants, which is generally called plasticization effect of permeant [27] . Therefore, the degree of swelling caused by increased water concentration results to an enhanced overall flux. On the other hand, the permeation flux was decreased initially as expected from membrane M-1 to M-4 and then increased for membrane M-5. This is in good agreement with swelling data.
To see the extent of permeation of individual components, we have plotted the individual fluxes as a function of mass% of TEOS at 10 mass% of water in the feed (Fig. 8) . From the plot, it is clear that except membrane M-1 the values of water flux and total flux are almost overlapping each other while suppressing the flux of IPA, demonstrating that the alginate-silica hybrid membranes developed in the present study are highly selective for water.
The overall selectivity of a membrane in PV process is generally determined on the basis of interaction between membrane and the permeating molecules, molecular size of the permeating species and pore diameter of the membrane. Figure 9 displays the effects of water composition and silica precursor on the selectivity of all the membranes. It is observed that the separation factor was decreased significantly for all the membranes with increasing the water Fig. 7 Variation of total pervaporation flux with different mass% of water in the feed for different membranes concentration in the feed. This is because, at higher concentration of water in the feed a small amount of water dissolves in the membrane matrix, which in turn acts as a plasticizer for the membrane leading to a greater flexibility of polymeric chains in the matrix. In addition to this, the alginic chains are ionically crosslinked with APTEOS molecules and these ionic bonds are more labile in nature and undergo disintegration in polar solvent compared to covalent bonds. Since water being more polar, its presence in a higher percent in the feed and its absorption in the membrane might have weakened the ionically crosslinked structure, resulting to a loose structure. As a consequence, the swollen and plasticized upstream surface of a membrane allows some IPA molecules along with the selective permeants, leading to decreased selectivity. On the other hand, the selectivity was increased from membrane M-1 to M-4 and then it was decreased for membrane M-5. The reason for this is very well discussed in Figs. 6 and 7.
Pervaporation separation index Figure 10 shows the variation of PSI as a function of mass% of TEOS. It is observed that all the hybrid membranes showed higher PSI values than that of plane membrane M-1. This is because of higher selectivity demonstrated by the hybrid membranes. Further, it is observed that the PSI values increased up to 30 mass% of TEOS and then decreased when the content of TEOS was raised to 50 mass% (M-5). As discussed in both swelling and pervaporation study, this was attributed to micro-phase separation between the organic and inorganic components at higher percent of silica. Despite this, the hybrid membranes exhibited higher PSI values, signifying that membranes developed with silica precursors have demonstrated an excellent PV performance.
Diffusion coefficient In PV process, mass transport of binary liquid mixtures through a non-porous polymer membrane is generally described by the solutiondiffusion mechanism, which occurs in three steps: sorption, diffusion and evaporation [40] . Thus, permeation rate and separation factor are governed by the Fig. 10 Variation of pervaporation separation index with different mass% of TEOS at 10 mass% of water in the feed solubility and diffusivity of each component of the feed mixture to be separated. In the process, because of the establishment of fast equilibrium distribution between bulk feed and the upstream surface of a membrane, the diffusion step controls the transport of penetrants [41, 42] . Therefore, it is important to estimate the diffusion coefficient D i of penetrating molecules to understand the mechanism of transport. From Fick's law of diffusion, the diffusion flux can be expressed as [43]:
where J is the permeation flux per unit area (kg/m 2 s), D is the diffusion coefficient (m 2 /s), C is the concentration of permeant (kg/m 3 ), subscript i stands for water or isopropanol, and x is the diffusion length (m). For simplicity, it is assumed that the concentration profile along the diffusion length is linear. Thus, D i can be calculated with the following equation [44] :
where d is the membrane thickness. The calculated values of D i at 30°C are presented in Table 1 . Similar to PV study, the diffusion coefficients of both water and IPA decreased from membrane M-1 to M-4 and then increased for membrane M-5 at all feed compositions. This is because of the establishment of ionic crosslinking and silica content in the membrane, which result to decrease free volume and increased rigidity. On the other hand, with increasing the water concentration in the feed for all the membranes the diffusion coefficients of water decreased, while increasing the diffusion coefficients of isopropanol. This is expected, owing to decrease in membrane is selectivity as described in PV study. Nevertheless, the magnitude of diffusion coefficients of water is quite high in comparison with IPA, suggesting that the hybrid membranes developed in the present study have highly selective nature towards water even at higher concentrations of water in the feed.
Effect of temperature on membrane performance The effect of operating temperature on the PV performance for water-isopropanol mixtures was studied for all the membranes at 10 mass% of water in the feed and resulting values are presented in Table 2 . As temperature increases from 30 to 60°C, the permeation flux was increased while decreasing the separation factor. This was explained on the basis of increased driving force and decreased viscosity of permeating molecules. As temperature increases the vapour pressure at the feed side increases, but the pressure at the permeate side is not affected. This results to increased driving force for the mass transport across the membrane. In addition, viscosity of the feed solution decreases with increasing temperature. All these led to easier transportation of molecules and thereby increasing the permeation flux. Second, an increase of temperature decreases the interaction between membrane and the permeants, and thereby membrane allows IPA molecules along with selective water molecules, resulting to a decreased selectivity. This effect prompted us to estimate the activation energies for permeation and diffusion using the Arrhenius type equation [45] :
where X represents permeation (J), or diffusion (D). X o is a constant representing pre-exponential factor of J o or D o , E x represents activation energy for permeation or diffusion depending upon the transport process under consideration and RT is the usual energy term. The resulting Arrhenius plots are shown in Figs. 11 and 12 for the temperature dependence of permeation flux and diffusion, respectively. From the least-squares fits of these linear plots, the activation energies for total permeation (E p ) and diffusion (E D ) were calculated. In similar way, activation energies for permeation of water (E pw ) and isopropanol (E pIPA ), and diffusion of water (E Dw ) were calculated. The values so obtained are presented in Table 3 . From this, it is observed that the apparent activation energy values of water (E pw ) are almost two times lower than those of isopropanol (E pIPA ), suggesting that membranes have higher separation efficiency towards water. The activation energy values of water (E pw ) and total permeation (E p ) are almost close to each other, signifying that coupled-transport of both (water and isopropanol molecules) is minimal as due to higher selective nature of membranes. Except membrane M-5, the activation energy values increased from membrane M-1 to M-4, this is expected due to increased rigidity and compactness owing to increased crosslinking and silica content. The estimated E p and E D values ranged between 27.84 and 32.63, and 26.98 and 31.28 kJ/mol, respectively. Using these values, we have calculated the heat of sorption as 
The resulting DH s values are included in Table 3 . The DH s values give the additional information about the transport of molecules across the polymer membrane. It is a composite parameter involving contributions of both Henry's and Langmuir's types of sorption [46] . The Henry's type of sorption requires both the formation of a site and the dissolution of chemical species into that site. The formation of a site involves an endothermic contribution to the sorption process. However, Langmuir's type of sorption requires the pre-existence of a site in which sorption occurs only by a hole-filling mechanism, giving an exothermic contribution. The DH s values obtained in the present study are positive for all the membranes, suggesting that Henry's sorption is predominant, giving an endothermic contribution.
Conclusions
Using the sol-gel technique, alginate-based novel hybrid membranes were developed using silica precursors. The amount of TEOS added in the membrane improved the separation ability of the membranes. This was explained on the basis of an establishment of ionic crosslinkings and increase of ceramic yield. The membrane containing 30 mass% of TEOS showed the highest separation factor of 17,253 with a flux of 4.42 9 10 -2 kg/m 2 h at 30°C for 5 mass% of water in the feed. The PV separation index data also support that membrane with higher amount of TEOS except M-5 demonstrated an excellent PV performance. Experimental data also reveal that the total flux and water flux are overlapping each other particularly for the silica incorporated membranes, suggesting that the developed membranes are highly water selective and this is, in accordance with the diffusion data as well.
The membranes exhibited more than two times lower activation energy values for water permeation (E pw ) than that of isopropanol permeation (E pIPA ), suggesting that membranes developed here have higher separation ability towards water. All the membranes exhibited positive DH s values, indicating that sorption is mainly dominated by the Henry's mode of sorption, giving an endothermic contribution. 
